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Abstract
The Solar Thermal Adsorptive Refrigerator (STAR) project at the University of Dayton seeks to bridge
sustainability and the need for reliable refrigeration in developing communities. Cost-effective
construction, operation, and maintenance as well as the use of a sustainable adsorption pair, activated
carbon-ethanol, give STAR great potential in the realm of humanitarian engineering. This project explores
the effect of using two activated carbon brands, 8x16 and CocoPlus, on the cyclic performance of the
STAR system. Although both brands have similar specifications given by the manufacturer, one (8x16)
inhibited successful performance while the other (CocoPlus) enabled it. This project highlights both the
complexity of optimizing the STAR’s performance and the importance of understanding the specific
characteristics of the activated carbon used in a STAR system.
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Chapter 1: Introduction
1.1 Motivation
Energy is an essential component of human development. As the global population
continues to rise, so does the demand for energy and cooling. Concern for the effects on
the global climate from this rising demand is a compelling reason to look towards more
efficient uses of energy and renewable energy sources. The International Institute of
Refrigeration in Paris (IIF/IIR) reported that approximately 15% of global electricity
usage goes towards refrigeration and air conditioning systems [1]. The historical use of
man-made, greenhouse gas-producing, and ozone-depleting refrigerants like CFCs
(chlorofluorocarbons), HFCs (hydro-fluorocarbons), and HCFCs (hydrochlorofluorocarbons) in conventional vapor compression refrigeration systems continues
to motivate scientists to develop alternative, sustainable refrigeration technologies. In this
search, solar thermal adsorptive refrigeration presents an exciting horizon.
1.2 STAR Project Background
Incorporating human-centered design and appropriate technology, the University of
Dayton’s (UD) Solar Thermal Adsorptive Refrigerator (STAR) project holds the potential
of providing inexpensive, green refrigeration without the use of electricity to
communities around the world. The STAR is a closed, cyclic system that uses the
chemical process of adsorption to provide refrigeration without the use of electricity. The
STAR utilizes a sustainable adsorption pair, activated carbon-ethanol (AC-EtOH), and is
constructed out of materials that are affordable and widely available.
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The STAR project is a collaborative effort between UD’s Departments of Chemical
and Mechanical Engineering, the Engineers in Technical Humanitarian Opportunities of
Service Learning (ETHOS) program, and Solar Alternatives and Associated Programs
(SAAP), an Indian Non-Governmental Organization based in Patna, India. Over the
years, teams of students have constructed multiple STAR prototypes, both in India and at
UD (refer to Figure 1).

Figure 1. A full-system STAR prototype (A) built in Patna, India by ETHOS students
and an early horizontal experimental STAR system (B) built by the STAR team at UD.
The intended application of the STAR is for off-grid vaccine storage in the rural hospitals
of Bihar, India. In 2014, the government of India found that only 39.8% of children in
Bihar were fully vaccinated [2]. A 2015 survey of 124 Primary Health Centers (PHCs) in
Bihar found that 60% had no vaccines on-site and 15% had a one-week supply [2].
Furthermore, 59% either had no reliable source of electricity or had no electricity at all
[2]. Finally, two of the PHCs that did have electricity did not have vaccines because their
ice-lined refrigerators were not working [2].
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In a society that is constantly developing, the need for culturally appropriate and
sustainable solutions to societal problems like the one faced in Bihar continues to grow.
We hope the STAR project is one of many future efforts to raise awareness of the
necessity of passionate, socially-conscious engineers in the world.
1.3 Literature Review
1.3.1 Solar Adsorptive Refrigeration System and Process
Adsorption is a reversible surface phenomenon that involves the cohesive forces
between a solid adsorbent and a refrigerant adsorbate fluid [3]. Adsorption can be
physical (Van der Waals forces) or chemical (ionic forces) [3]. However, because
adsorptive refrigeration involves the accumulation of adsorbate onto the adsorbent,
physical adsorption dominates the process.
A solar adsorptive refrigeration system has four main components that are shown in
Figure 2A [4]:
1. Solar Collector (SC) containing an adsorbent bed
2. Condenser (C) with Receiver (R)
3. Expansion Valve (V)
4. Evaporator (E)
The components of a solar adsorptive refrigeration system are identical to a vapor
compression refrigeration system except for the use of a solar collector. The solar
collector acts as an electricity-free thermal compressor and replaces the electricity-driven
mechanical compressor used in vapor compression systems [3].
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The Clapeyron diagram for a basic adsorptive refrigeration cycle is shown in Figure
2B and consists of four thermodynamic steps [3][4]:
1. Isosteric heating (Line 1-2)
The process begins at point 1. At this point, the expansion valve is closed and the
adsorbent is at adsorption temperature ta, adsorbate evaporation pressure pe, and fully
saturated with adsorbate at a value of Xmax. Isosteric heating begins when heat Qd1 is
added to the adsorbent bed through the solar collector. As this occurs, the pressure and
temperature rise along the isosteric line 1-2 and the mass of refrigerant remains constant
at Xmax. This is comparable to compression in a vapor-compression cycle.
2. Isobaric desorption (Line 2-3)
Desorption begins at point 2 when the adsorbate condensation pressure pc is reached.
At this point, the progressive heating Qd2 increases the temperature along the isobaric line
2-3 and releases the adsorbate as hot vapor into the condenser. In the condenser, the
adsorbate releases heat Qc (at condensation temperature tc) and is liquefied and collected
in the receiver. Isobaric heating is complete when the adsorbent reaches its maximum
regeneration temperature td and minimum saturation of adsorbate at a value of Xmin. This
is comparable to condensation in a vapor-compression cycle.
3. Isosteric cooling (Line 3-4)
In this phase, heat stops being added to the solar collector. As this happens, the mass
of saturated adsorbate remains constant at Xmin while the temperature and pressure
decrease along the isosteric line 3-4. During this phase, the expansion valve is opened,
allowing the liquid adsorbate to flow into the evaporator. Isosteric cooling is complete
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when the adsorbate vapor pressure pe is reached. This is comparable to expansion in a
vapor-compression cycle.
4. Isobaric adsorption (Line 4-1)
In this phase, the cooling effect Qe is produced in the evaporator at the adsorbate
evaporation temperature te. The cooling effect is driven by the vaporization of the liquid
adsorbate in the evaporator and consequent re-adsorption onto the surface of the
adsorbent in the adsorbent bed to its maximum value Xmax. The adsorbent cools along the
isobaric line 1-4 until it returns to its adsorption temperature ta by rejecting the sensible
heat and heat of adsorption Qa. At this point, the expansion valve is closed and the cycle
can restart.

Figure 2. Basic solar adsorptive refrigeration system (A) with associated ClausiusClapeyron diagram (B) for a basic adsorptive refrigeration cycle (original figures from
[4], modified here by this author).
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The sole use of heat energy in solar thermal adsorptive refrigerators lowers their
overall energy efficiency in comparison to their conventional counterparts. However,
researchers around the world are working to improve the performance of such
refrigerators to overcome their technical and economic limitations. Recent research has
focused on improving adsorber-collector working parameters, developing new or
enhanced adsorption pairs, and creating high-performance continuous-operation systems
by using multiple adsorbent beds, mass/heat recovery systems, and multi-stage systems
[4].
1.3.2 Solar Thermal Energy
The solar coefficient of performance (COP) of the adsorption cycle is given by
Eq. (1):

(1)

𝑄𝑄

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑄𝑄𝑒𝑒
𝑠𝑠

where Qe is the cooling power and Qs is the solar power received by the solar collector
surface to promote desorption/regeneration [4]. The achieved COP of an adsorption cycle
depends on the driving heat temperature. A driving heat temperature of 60-95 ºC can
achieve a COP of 0.3-0.7 [4]. Choudhury et al. list two ways to capture solar energy for
adsorptive cooling systems [5]:
1. Heat is directly obtained by placing the adsorbent bed inside the solar
collector for intermittent operation.
2. Heat is indirectly added by circulating fluid through the solar collector and
adsorbent bed for quasi-continuous operation.
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Although continuous operation is desirable for refrigeration applications, a STAR utilizes
a direct heating method because it does not require a heat transfer fluid, involves more
efficient heat transfer, and operates with the cycle of the day.
1.3.3 Adsorption Pair Selection
Choosing the appropriate adsorption pair is essential to the successful operation of
an adsorptive refrigerator. Goyal et al. list the most important features to look for in an
adsorbent-adsorbate working pair [3]:
Adsorbent
•
•
•
•
•
•

High adsorption and desorption capacity for improved cooling
characteristics
Low specific heat
High thermal conductivity for shorter cycle times
Nontoxic and non-corrosive
Chemically and physically compatible with chosen adsorbate refrigerant
Cost effective and widely available

Adsorbate (Refrigerant)
•
•
•
•
•
•
•
•

Small molecular size for better adsorption
High latent heat per unit volume
High thermal conductivity
Thermal stability
Low viscosity and specific heat
Low toxicity, inflammable, and non-corrosive
Low saturation pressures
Environmentally friendly

The most commonly-used adsorption pairs are zeolite-water, silica gel-water, activated
carbon-methanol, and activated carbon-ammonia [3]. The choice of adsorption pair
depends on the desired application, project limitations (such as cost and availability), and
available driving heat temperature.
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The STAR uses an activated carbon-ethanol working pair. Although methanol and
ammonia have better adsorbate characteristics than ethanol and are more frequently used
with activated carbon, both are toxic, expensive, and difficult to produce in developing
countries. However, ethanol is relatively non-toxic, environmentally-benign, widely
available, and easy to produce from natural sources. In addition, the desired application
of a STAR is for vaccine storage, which occurs at 2-8 ºC [6]. Past experiments with
STAR (discussed below) have achieved temperatures as low as -5 ºC. This makes ethanol
a good fit as a sustainable adsorbate for this process. Activated carbon is an equally
sustainable adsorbent that can be sourced from a variety of natural, carbonaceous sources
like palm-kernel shell, coconut shell, groundnut shell, obeche wood, palm trunk, and
mangrove [7] [8]. There are three main processes in the production of activated carbon:
pre-processing of precursor materials, pyrolysis of the precursor material, and final
chemical or physical activation [8]. The ability to produce activated carbon from
renewable sources, coupled with its high adsorption capacity and suitable pore size, make
it the most commercialized adsorbent material [9] and suitable for the application of the
STAR system.
1.3.4 Activated Carbon-Ethanol Adsorption Pair Studies
Several studies have explored the performance characteristics of the activated
carbon-ethanol working pair. Pal et al. measured the net uptake of ethanol (uptakemax –
uptakemin) to be 0.61 kg kg-1 for mangrove-based AC, 0.60 kg kg-1 for waste palm trunkbased AC, and 0.48 kg kg-1 for nonrenewable petroleum coke-based AC (Maxsorb III)
[8]. In the past, nonrenewable-based carbons like Maxsorb III had higher BET surface
areas (3000 m2 g-1) than renewable biomass-based carbons (915-1353 m2 g-1) [8] and
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were thus the preferred carbon type. However, this recent result shows that high-BET
surface area (>2900 m2 g-1) biomass-based AC is being discovered with net uptakes of
ethanol that are larger than nonrenewable-based AC [8].
Two single-bed adsorptive cooling systems have been studied that utilize an
activated carbon-ethanol pair. El-sharkawy et al. introduced a solar chiller (Figure 3A)
using a Maxsorb III-ethanol working pair [10]. Using a TGA system for analysis, the
chiller produced a cooling effect of 420 kJ/kg with an evaporator temperature of 7 ºC, a
COP of 0.8 at a 15 ºC evaporation temperature, and a regeneration temperature of 120 ºC.
Li et al. studied the performance of a valveless solar ice maker (Figure 3B) utilizing an
activated carbon-ethanol working pair. Under 17-22 MJ m-2 of radiation, the system was
able to cool water to 2-4 ºC, but was unable to produce ice [11].

Figure 3. Adsorptive cooling systems that use an activated carbon-ethanol working pair
(original figures from [10][11], modified here by this author).
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1.3.5 Previous STAR Project Research
The research presented here is based off several years of past research within the
STAR lab at UD. In 2018, Bipin Kharki explored the experimental performance of a
vertical STAR apparatus similar to the one described and used for this project [12].
Kharki found that using an in-situ “double activation” process produced evaporator
temperatures as low as -12.7 ºC (about 10 ºC lower than the previous horizontal system)
on the initial cycle. However, the system was unable to run multiple cycles. Upon the
detection of impurities (carbon dioxide, water, acetaldehyde, formic acid ethyl ester) in
the post-cycled ethanol, Kharki predicted that ethanol decomposition is responsible.
Kharki’s recommendation was inert, high-temperature thermal treatment of the activated
carbon to remove any active sites on the surface. Preliminary experiments using high
temperature, inert thermal treatment showed promise as a solution. However, the
treatment process is energy intensive, expensive, and complex. Given the intended
application of STAR as an accessible technology for developing communities, other
solutions should be explored before resorting to this treatment method.
1.3.6 Ethanol Decomposition
Kharki predicted that ethanol decomposition may play a role in the inability to run
multiple, consecutive cycles on the STAR. Hu found that aluminum alloy and copper
were catalyzing the formation of unwanted gaseous species in a solar ice maker using an
activated carbon-methanol working pair [13]. The formation of these impurities
(dimethyl ether, methoxymethyl methyl ether) diminished the long-term performance of
the ice maker [13]. Given the similarity between the STAR and the system studied by Hu,
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the decomposition of ethanol during desorption is a plausible explanation to the STAR’s
inability to perform multiple cycles.
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Chapter 2: Experimental Studies
2.1 Experimental STAR System
Figure 4 shows the apparatus used to conduct laboratory experiments.

Figure 4. Assembled lab scale system (A) with additional testing equipment (B).
The apparatus is a lab-scale prototype of a STAR system made of soldered copper.
Details on the soldering method can be found in Appendix A [12]. The system includes a
detachable activated carbon bed on the top, detachable ethanol evaporator on the bottom,
three ball valves, and two pressure gauges. The three ball valves enable the mechanical
separation of the “carbon-side” and “ethanol-side” of the system. In addition, the valves
allow for “piece-by-piece” vacuum pulling. The activated carbon bed is attached to the
top of the system with a threaded copper connection. The ethanol chamber attaches to the
bottom of the main system with plastic PEX tubing. PEX tubing was used as the
evaporator connection material to reduce conductive heat transfer to the ethanol chamber
from the copper during heating. In addition, a plastic PEX valve is used to isolate the
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ethanol from the rest of the system during in-situ activation of the carbon before the
initial adsorption cycle begins. Figure 5 shows the dimensions of the three major
components of the system.

Figure 5. Dimensions of the main body of the vertical copper system (A), activated
carbon bed (B), and ethanol evaporator (C).
2.2 Experimental Procedures
2.2.1. Initial Activation of Carbon
Using a lab balance, the desired amount of activated carbon is massed and placed
into a Pyrex glass dish. The glass dish, filled with carbon, is then heated in a toaster
oven at 320 ºC for at least eight, 30-minute increments. The Pyrex dish and toaster
oven used are shown in Figure 6.
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Figure 6. Toaster oven with Pyrex glass dish with activated carbon.
2.2.2. Experimental Preparation
The desired amount of 200-proof, undenatured ethanol is measured and poured into
the copper ethanol evaporator using a 10-mL graduated cylinder. A plastic valve is then
connected to the evaporator with 10-mm PEX tubing and closed to prevent ethanol from
evaporating out of the ethanol chamber.
In preparation for attaching the activated carbon bed, the threaded male connection on
the top of the apparatus is wrapped in PTFE tape. This is done to ensure a sealed
connection between the activated carbon bed and the rest of the system. When the initial
activation of the carbon is complete, the carbon is poured into the activated carbon bed
using a funnel. The carbon inside the bed is evenly spread out and tightly connected to
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the main system via the threaded connection on the top of the system. The top ball valve
is then closed to minimize adsorption of any species (such as water) from the outside air.
The ethanol evaporator can then be connected, with the plastic valve closed, at the bottom
of the system with PEX tubing. The apparatus is now ready for testing.
In preparation for vacuum pulling, separate the top and bottom pieces of the glass
vacuum trap. With a latex glove, apply ample vacuum grease on the connection between
the top and bottom parts of the vacuum trap and gently twist the two pieces into each
other until the vacuum grease covers the entire area between the two pieces. After this is
done, twist a piece of 12-mm PEX tubing on both stems of the vacuum trap. Screw two
metal clamps onto the PEX tubing to secure the tube to the glass stem. Connect a plastic
reducing connector (12-mm to 10-mm) to both PEX tubes. Connect a 10-mm PEX tube
to the other side of both connectors. The tube on the top stem will be used to connect the
vacuum trap to the STAR apparatus. The tube on the lower stem will be used to connect
the vacuum trap to the vacuum pump.
Connect a 10-mm T-connector to the tube of the lower stem. On the top port of the Tconnector, connect a plastic valve with a 10-mm PEX tube. This valve acts as a vacuum
release once vacuum pressure is established in the system. On the last port of the Tconnector, attach a 10-mm tube. This last tube will connect the vacuum trap to the
vacuum pump. The assembled vacuum trap system is shown in Figure 7.
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Figure 7. Assembled vacuum trap system with reducing connectors on the top stem to
the system and on the lower stem to the vacuum release valve and vacuum pump.
2.2.3. Initial Vacuum Pull
Connect the vacuum trap to the STAR apparatus by connecting the 10-mm PEX tube
on the top stem of the vacuum trap to the PEX-to-copper connector on the middle arm of
the system. Connect the vacuum pump to the vacuum trap by connecting the PEX-tocopper connector on the end of the vacuum pump hose to the 10-mm tube on the lower
stem of the vacuum trap. At this point, all valves on the system are closed except for the
plastic vacuum release valve on the vacuum trap.
Turn the vacuum pump on and close the plastic vacuum release valve. Open the
middle ball valve on the STAR apparatus and wait until vacuum pressure is reached (~5
sec). Open the bottom ball valve and wait until vacuum pressure is reached (Pgauge ≤ -28.5
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in Hg on the bottom pressure gauge). The ethanol-side of the system is now at vacuum
pressure. Once this occurs, close the bottom ball valve. Very slowly open the top ball
valve and wait until vacuum pressure is reached (Pgauge ≤ -28.5 in Hg on the top pressure
gauge). The top valve must be opened very slowly to prevent carbon from being sucked
out of the bed and falling into the ethanol evaporator. Once the top part of the system is at
vacuum pressure, open the bottom ball valve again to pull vacuum on the entire system.
When this has occurred, close the middle ball valve, turn off the vacuum pump, and open
the plastic vacuum release valve on the vacuum trap to release the excess vacuum left in
the line.
To prepare for double activation, disconnect the vacuum trap from the STAR
apparatus. Wrap the heat tape tightly around the activated carbon bed, secure the strings
with tape, and place the Arduino temperature control probe under the tape. Detailed
information on the Arduino temperature control system can be found in Appendix B [12].
Attach a thermocouple probe on the outside of the ethanol evaporator and connect the
temperature probe from the carbon bed to the thermocouple. Connecting the
thermocouple to a computer allows for continuous temperature recording. Wrap the top
of the ethanol evaporator in wool insulation and enclose the evaporator in a Yeti cup.
2.2.4. In-situ “Double Activation” of Carbon (method developed in [12])
Open the temperature control program and start recording data. Open the Arduino
temperature control code, set the reference temperature to 200 ºC, and start heating. The
Arduino control code that was used can be found in Appendix C [12]. It is important that
the temperature inside the activated carbon bed remains below 180 ºC, the melting point
of solder. After heating the carbon bed for 1.5-2 hours, the heat tape is turned off and the
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vacuum-pulling system described in Section 2.2.3 is reconnected. Again, start with all
valves closed except for the plastic vacuum release valve. Turn on the vacuum pump,
close the plastic vacuum release valve, open the middle ball valve and wait to reach
vacuum pressure. Open the bottom ball valve and wait to reach vacuum pressure. Close
the bottom ball valve, slowly open the top ball valve, and wait to reach vacuum pressure.
Open the bottom ball valve again and pull a vacuum on the entire system. Close the top
ball valve, separating the ethanol-side from the carbon-side of the system. The, open the
plastic ethanol valve and continue pulling vacuum for 5-10 seconds. When this valve is
opened, ethanol will begin to boil. Finally, close the middle ball valve, turn the vacuum
pump off, and open the plastic vacuum relief valve.
As the system cools back to room temperature, the ethanol-side of the system will be
at the vapor pressure of ethanol and the carbon-side side will return to high vacuum. At
this point, double activation is complete, and adsorption is ready to begin.
2.2.5. Adsorption
To start adsorption, the top ball valve that is separating the system is opened. The
pressure difference between the ethanol-side and carbon-side of the system is the driving
force for heat transfer. With an open path between the ethanol and activated carbon,
ethanol vapors flow through the system and adsorb onto the surface of the activated
carbon. As ethanol adsorbs, more liquid ethanol evaporates to maintain equilibrium. The
continuous adsorption of ethanol creates the cooling effect in the STAR. This cooling
process continues until the activated carbon is fully saturated with ethanol.
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2.2.6. Desorption
To start desorption, keep all valves (except the middle arm valve for vacuumpulling) open. The experimental system lacks a condenser, so ice is used to make up for
the additional heat transfer required to condense ethanol into liquid. Thus, ice is placed in
the yeti cup during desorption. Using the temperature control system described in Section
2.2.4., heat the activated carbon until the internal temperature of the activated carbon
chamber is maintained at 110-118 ºC. It is important to avoid heating above 120 °C,
where ethanol begins to decompose.
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Chapter 3: Comparison of Activated Carbon Performance
3.1 Objective and Description of ACs
The objective of the experiment is to compare the effect of two different brands of
activated carbons, 8x16 and CocoPlus, on the cyclic performance of the STAR system.
This involves two separate 4-cycle refrigeration tests using 20g of activated carbon and
20mL of 200 proof, undenatured ethanol. The 4-cycle experiment involves initial
activation of the activated carbon in the toaster oven, in-situ double activation, four
adsorption steps, and four desorption steps. The initial activation consisted of eight, 30minute periods of heating the AC at 320 ºC. Pressure and temperature are recorded on
both the ethanol-side and carbon-side of the system. Detailed information regarding each
cycle of both tests can be found in Appendix D. Table 1 shows the specifications of both
ACs given by the manufacturers.
Table 1. Specifications of 8x16 and CocoPlus activated carbon.
Specification

8x16

CocoPlus

Source Material

Coconut

Coconut

Mesh Size

8x16

4x10

Ash Content, max wt%

3

6

Moisture, max wt%

5

5

Apparent Density, g/cc

0.50

0.44-0.49

Manufacturer

Charcoal House

Calgon Carbon
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3.2 8x16 AC: 4-cycle Refrigeration Test
The results of the 4-cycle refrigeration test with the 8x16 AC are shown in Figure
8. Figure 8 shows the minimum refrigeration temperatures produced in each cycle of the
refrigeration test. As expected in adsorptive refrigeration, the first cycle produces the
lowest temperature. This occurs because before the first cycle, the solid adsorbent is
completely “dry” and has had no previous contact with the adsorbate refrigerant. After
initial adsorption, there is always some amount of adsorbate in contact with the
adsorbent. This prohibits the production of any refrigeration temperature lower than the
one produced in the initial step. Figure 8 shows that the minimum temperatures produced
for each cycle were around 11 ºC, 15 ºC, 16 ºC, and 18 ºC for the 1st, 2nd, 3rd, and 4th
cycles, respectively. Each cycle took about 60 minutes to reach the minimum value. The
slope of the refrigeration curves decreased with every cycle. This trend demonstrates that
the refrigerator is performing consecutively worse with every cycle.

Figure 8. Refrigeration curves for 4-cycle refrigeration test using 20 g of 8x16 AC and 20
mL 200 proof, undenatured ethanol.

P a g e | 22

Figure 9 shows the ethanol-side absolute pressure readings throughout each cycle of the
8x16 test. Figure 9 shows that desorption (heating the activated carbon bed) with the
8x16 AC occurs at high pressure (~7 in Hg) for every cycle. In every cycle except the 1st,
pressure dramatically decreases during adsorption to around 3 in Hg. This corresponds
with the expansion step of the adsorptive refrigeration cycle, where the valve separating
the low-pressure AC-side (dark blue bar of Figure 10) and high-pressure ethanol-side
(dark blue bar of Figure 9) is opened. Although the system is cooling after desorption, the
pressure on the ethanol-side remains nearly equal to the desorption pressure. The vapor
pressure of ethanol is included in every cycle for reference. Vapor pressure is a function
of temperature and is calculated here at the initial adsorption temperature of each cycle
(first point on Figure 8). For this experiment, the vapor pressure was calculated with the
Antoine Equation (A=8.13484, B=1662.48, 238.131) to be 2.30 in Hg (T= 23 ºC for
every cycle). On the ethanol-side, the absolute pressure reading after before desorption is
0.5-1 in Hg higher than the calculated vapor pressure.
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Figure 9. Absolute pressure readings on the ethanol-side for cycles 1-4 of 4-cycle
refrigeration test using 8x16 AC.
Figure 10 shows the carbon-side absolute pressure in for every cycle of the 8x16
AC test. Figure 10 shows similar pressures after adsorption and during desorption in the
carbon-side and ethanol-side (shown in Figure 9) of the system. However, the absolute
pressure values on the carbon-side are about 0.5 in Hg lower than the ethanol-side.
Unlike the ethanol-side, pressure rapidly decreases after desorption. This occurs because
the valve separating the ethanol-side and carbon-side is closed immediately after heat
stops being applied to the activated carbon bed. As both sides cool, ethanol vapors in the
carbon-side of the system re-adsorb onto the activated carbon, reducing pressure.
Additionally, the absolute pressure of the carbon-side before desorption are nearly equal
to the vapor pressure of ethanol (2.30 in Hg for all cycles). This is because during
adsorption, the system becomes saturated with ethanol vapor.
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Figure 10. Absolute pressure readings on the AC-side for cycles 1-4 of 4-cycle
refrigeration test using 8x16 AC.
3.3 CocoPlus AC: 4-cycle Refrigeration Test
The results of the 4-cycle refrigeration test with the CocoPlus AC are shown in
Figure 11. Figure 11 shows the refrigeration curves produced for each cycle in the
CocoPlus test. As expected. the initial adsorption cycle produces the lowest temperature
after 90 minutes, 6 ºC. However, cycles 2-4 produced minimum refrigeration
temperatures after 50 minutes that were in a similar range (9-12 ºC). Furthermore, the 3rd
cycle produced a lower minimum temperature (9 ºC) than the 2nd cycle (11 ºC). In other
words, the CocoPlus AC showed no sign of progressive failure in the STAR’s
performance.
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Figure 11. Refrigeration curves for 4-cycle refrigeration test using 20 g of CocoPlus AC
and 20 mL 200 proof, undenatured ethanol.
Figure 12 shows the ethanol-side absolute pressure throughout cycles 1-3 for the
CocoPlus test. Figure 12 shows that desorption with CocoPlus occurs at a much lower
pressure (4-5 in Hg) than with 8x16. However, adsorption occurs at similar pressures for
both (~3 in Hg). In cycles 2 and 3, the pressure remains around the same value during and
after desorption. However, this did not occur in the 1st cycle. For this experiment, the
vapor pressure of ethanol was calculated with the Antoine Equation (A=8.13484,
B=1662.48, 238.131) to be 1.95 in Hg (T=20 ºC), 1.73 in Hg (T=18 ºC), and 2.31 in Hg
(T=23 ºC) for the 1st, 2nd, and 3rd cycles, respectively. On the ethanol-side, the absolute
pressure reading before desorption is 0.5-1 in Hg higher than the calculated ethanol vapor
pressure.
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Figure 12. Absolute pressure readings on the ethanol-side for cycles 1-3 of 4-cycle
refrigeration test using CocoPlus AC. No pressure data was recorded for the 4th
adsorption cycle.
Figure 13 shows the carbon-side absolute pressure throughout cycles 1-3 for the
CocoPlus test. Like the 8x16 test, the pressure after adsorption and during desorption in
the carbon-side of the system were 0.5 in Hg lower than the ethanol-side. This result is
expected because the entire system is unseparated during adsorption and desorption. As
seen in the 8x16 test, pressure significantly decreases after desorption as the system is
separated and cools. Similar to the 8x16 test, the absolute pressure before desorption is
nearly equal to the vapor pressure of ethanol.
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Figure 13. Absolute pressure readings on the carbon-side for cycles 1-3 of 4-cycle
refrigeration test using CocoPlus. No data was collected after 4th Adsorption began.
3.4 Refrigeration Curve Comparison
The refrigeration curves from the 4-cycle tests of both the 8x16 and CocoPlus
experiments are spread out and shown below in Figure 14. Spreading out the refrigeration
curves shows how significantly each activated carbon brand affected the performance of
the STAR. In the 8x16 test, the minimum desorption temperatures get progressively
higher. In other words, the refrigerator is performing progressively worse. On the other
hand, there is no trend of increasing minimum temperature in the CocoPlus test.
Furthermore, each cycle in the CocoPlus test produced lower refrigeration temperatures
than in the 8x16 test. Essentially, the CocoPlus AC enabled the STAR to successfully
cycle while 8x16 AC did not.
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Figure 14. Refrigeration curves produced in the 4-cycle 8x16 (top) and CocoPlus
(bottom) experiments show how each AC affected the cyclic performance of the STAR
system.
3.5 Ethanol Analysis
The results of the 8x16 test suggest the possible formation of ethanol
decomposition products during desorption. To explore this, ethanol samples were
collected after the 4-cycle 8x16 test described above and after a similar 1-cycle test with
CocoPlus. Samples were sent to a lab and analyzed by an analytical chemist with Gas
Chromatography (GC)/Mass Spectroscopy (MS). Table 2 shows the results of this
analysis. Detailed information on the GC/MS analysis can be found in Appendix E.
Sample 1 is the control group: untouched ethanol. Several species were present in
the samples from both experiments (Samples 2 and 3). Both contain butyl benzene
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sulfonamide, a plasticizer used in the manufacturing of plastic tubes. It is possible that
over multiple cycles, this species is extracted from the plastic tubing used to connect the
ethanol evaporator to the main system. Figure 15 depicts two sets of PEX plastic tubes,
one that was used in the experimental STAR system and the other unused. The tubing
that was used in testing shows obvious discoloration that could be a sign of extraction of
the plasticizer found in the ethanol analysis. Samples 2 and 3 also contain water, which
could be due to multiple factors including ethanol decomposition or contact with the
outside environment. However, Sample 2 contained major impurities (acetaldehyde, ethyl
formate, 1,1-diethoxyethane) that were not found in Sample 3. Although acetaldehyde
and water are ethanol decomposition products, the source of the ethyl formate and 1,1diethoxyethane are unknown.
Table 2. Results of GC/MS Analysis on Ethanol (EtOH) Samples
Sample

Description

Species Present

1

Uncycled EtOH

EtOH

2

3

Post-cycled EtOH from
8x16 test
Post-cycled EtOH from
CocoPlus test

EtOH, Water, Acetaldehyde, Ethyl formate,
Butyl benzene sulfonamide, 1,1diethoxyethane
EtOH, Water, Butyl benzene sulfonamide

P a g e | 30

Figure 15. Two sets of PEX plastic tubing, one (top) used in STAR testing and the other
unused (bottom). After multiple uses, the tubing becomes discolored.
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Chapter 4: Conclusions and Future Work
4.1 Conclusions
Two 4-cycle refrigeration experiments were performed to observe the effect of using
two different brands of activated carbon (8x16 and CocoPlus) on the cyclic performance
of the STAR system. Pressure and temperature were recorded on both the ethanol- and
activated carbon- sides of the system for every cycle. Ethanol samples from the 8x16 test
and a similar 1-cycle CocoPlus test were analyzed with GC/MS to study the possible
formation of ethanol decomposition products during desorption.
The 8x16 experiment produced refrigeration curves that show a progressive decline in
the STAR’s performance from cycle to cycle. On the other hand, the CocoPlus test
produced refrigeration curves that showed no sign of declining performance.
Additionally, the CocoPlus experiment produced lower minimum refrigeration
temperatures than the 8x16 experiment in every cycle. The absolute pressure graphs of
each experiment show that desorption occurs at high pressure (6.5-7 in Hg) with the 8x16
AC and at low pressure (2.5-3 in Hg) with the CocoPlus AC. GC/MS analysis of postcycled ethanol samples showed the formation of undesired species in the 8x16
experiment that were not found in the CocoPlus experiment. Both experiments showed
the presence of a plasticizer that may be extracted from the PEX tubing over multiple
cycles. Although the 8x16 and CocoPlus ACs have similar specifications, the 8x16
inhibited the STAR’s performance while CocoPlus enabled successful cyclic operation.
These results demonstrate the importance of activated carbon selection and preparation.
The successful operation of a STAR depends more than previously thought on the
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specific details of the activated carbon used as the adsorbent. Furthermore, this project
sheds light on the future endeavors of the STAR team in India and at UD.
4.2 Future Work
The results from the performed experiments beg to be explored further. In-depth
experimentation and characterization are needed for every part of the project.
The performed experiments need to be replicated with a standardized method of data
acquisition. Periodic pressure recording is needed to better understand how the pressure
of the system changes during adsorption and desorption. Furthermore, experiments that
perform desorption at various times and temperatures are required to determine the best
desorption procedure. Finally, experiments that perform more than 4 refrigeration cycles
are necessary to better understand the cyclic performance of the STAR.
Detailed adsorption characteristics are needed for the 8x16-EtOH and CocoPlusEtOH working pairs. This includes generating adsorption isotherms and measuring the
net uptake of ethanol. A detailed material characterization of both activated carbons is
needed to draw finite conclusions on how they impact the performance of the STAR.
This requires the use of advanced characterization techniques such as Transmission
Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) to determine
specific surface characteristics that may enhance or prohibit ethanol decomposition. In
addition, a detailed analysis of the manufacturing processes involved with each activated
carbon is required to determine activation techniques that produce carbon that is optimal
for the STAR system. Finally, testing with activated carbon sourced from a different
material may enable better STAR performance.
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APPENDIX A [12]
Soldering of Copper Tube
1. The soldering tools such as propane soldering torch, solder, flux, copper pipe, copper
cap and threaded female brass connector were collected for assembly.
2. The tube cutter was used to cut copper tube; tube cutter was used for a clean cut. The
pipe was clamped between the cutter wheel and guide wheel. Then the cutter was rotated
scoring the pipe deeper until the pipe snapped off.
3.The wire brush was used to remove inside and outside burr. The mating areas of tubing
and fittings were cleaned to ensure a solid and leak-proof joint. The emery cloth and wire
brush were used for cleaning.
5. With the help of painting brush a layer of flux was applied to the surfaces to be joined
and insides of the fittings. The flux cleans the copper surface and enables to flow evenly.
6. Propane soldering torch was used to heat the joint and solder was applied against the
joint on opposite side of the flame. The solder was applied until it melted and flowed into
the joint.
7. Enough time was allowed to cool and harden the joints before moving the assembled
joints.
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APPENDIX B [12]
Arduino Connection
1. Arduino Uno board and A.C Light Dimmer Controller board were fixed on plastic
board with the help of M3 nuts and bolts. Double-sided tape was used for fixing the
breadboard on plastic board.
2. Two pin terminal block and pin header were soldered to the amplifier board. A Ktype thermocouple was connected to the 2-pin terminal block. With the help of color
coding, red wire of the thermocouple was connected to red end and yellow wire to the
yellow end. The same process was repeated for the next amplifier and thermocouple.
3. The pin header of the thermocouple was connected to an amplifier and then
assembled to the breadboard.
4. The open source Arduino Software was downloaded and installed on the computer
from https://www.arduino.cc/en/Main/Software. The library file Adafruit – MAX31855library-master was downloaded from adafruit on the library of installed Arduino
Software.
5. The following procedure was followed to set up the software - Tools > Board > Select
Arduino/Genuino Uno.
6. Codes were typed on the Arduino screen. The jumper wire that comes with Arduino
was used for the connection. The channels ch1 and ch2 of the relay were defined, which
were connected to the digital side of Arduino 9 and 10.
Description of Points
A.C Control Module
GND
VCC
SYNC
CH1
CH2
AC – Input
CHANNEL 1
CHANNEL 2

Description
Ground of low voltage Side
Device power, D.C 5 Volts
Zero-cross detector output positive
impulse
Triac gate input pin for 1 channel
Triac gate input pin for 2 channels
A.C voltage (110-220 V)
Connect load on 1 channel
Connect load on 2 channels

P a g e | 37

Description of Amplifiers
Amplifier
Vin
GND
DO
CS
CLK

Description
Power pin (3-5 V)
Common Ground for power and logic
Serial Data Out / Master In Slave Out
pin, for data sent from the MAX31856 to
your processor
Chip Select pin, It’s an input to the chip
Clock pin, it’s an input to the chip

7. The GND and VCC from relay board were connected to the bus terminal of the
breadboard. GND and VCC from both amplifiers were connected to breadboard and then
to the Arduino board.
8. The MAXDO, MAXCS, MAXCLK, MAXCS2 were defined in the code with digital
Input-Output (IO) points of Arduino as point 3,4,5,6. Connect DO, MS, CLK from both
amplifier to the Arduino board.
9. The A.C supply wire was connected to the A.C channel of A.C Light Dimmer
controller board and two wires from the same board were connected to the heat lamps.
The A.C power was plugged in. The Arduino code was launched. The real-time
temperature of heat lamp can be viewed from Tools> Serial Monitor. The state (on/off) of
Heat lamp 1 and Heat lamp 2 also can be checked from the same window.
10. For the desired temperature, the value of reference temperature can be changed. The
temperature control is based on the on/off of the system, so it is not 100% accurate on
providing exact and constant temperature.
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APPENDIX C [12]
Arduino Code
/***************************************************
This is an example for the Adafruit Thermocouple Sensor w/MAX31855K
Designed specifically to work with the Adafruit Thermocouple Sensor
----> https://www.adafruit.com/products/269
These displays use SPI to communicate, 3 pins are required to interface Adafruit invests
time and resources providing this open source code, please support Adafruit and opensource hardware by purchasing products from Adafruit!
Written by Limor Fried/Ladyada for Adafruit Industries.BSD license, all text above
must be included in any redistribution
****************************************************/
#include <SPI.h>
#include "Adafruit_MAX31855.h"
const int ch1 = 9;
const int ch2 = 10;
float ref1=0; // in degree C
double c = 0
double c2 = 0;
// Default connection is using software SPI, but comment and uncomment one of
// the two examples below to switch between software SPI and hardware SPI:
// Example creating a thermocouple instance with software SPI on any three
// digital IO pins.
#define MAXDO 3
#define MAXCS 4
#define MAXCLK 5
#define MAXCS2 6
// initialize the Thermocouple
Adafruit_MAX31855 thermocouple (MAXCLK, MAXCS, MAXDO);
Adafruit_MAX31855 thermocouple2(MAXCLK, MAXCS2, MAXDO);
// Example creating a thermocouple instance with hardware SPI
// on a given CS pin.
//#define MAXCS 10
//Adafruit_MAX31855 thermocouple(MAXCS);
void setup () {
Serial.begin(9600);
pinMode(ch2, OUTPUT);
pinMode(ch1, OUTPUT);
digitalWrite(ch1,0);
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digitalWrite(ch2,0);
while (! Serial) delay (1); // wait for Serial on Leonardo/Zero, etc
Serial.println("MAX31855 test");
// wait for MAX chip to stabilize
delay (500);
}
void lamp1(int state = 0)
{
digitalWrite(ch2, state);
}
void lamp2(int state = 0)
{
digitalWrite(ch1, state);
}
void loop ()
{
// basic readout test, just print the current temp
c = thermocouple.readCelsius();
c2 = thermocouple2.readCelsius();
if (isnan(c)) {
Serial.println("Something wrong with thermocouple!");
}
/////////////////// Lamp 1 //////////////////////////////
if (c < ref1)
{
lamp1(1);
Serial.print("Lamp 1 ON \t");
}
else if (c > ref1)
{
lamp1(0);
Serial.print("Lamp 1 OFF \t");
}
Serial.print("T1 = "); Serial.print(c);Serial.print("\t");
delay (200);
//////////////////////////////////////////////////////////////
///////////////////////// Lamp 2////////////////////////////////
if(c2<ref1)
{
lamp2(1);
Serial.print("\t Lamp 2 ON \t");
}
else if(c2>ref1)
{
lamp2(0);
Serial.print("Lamp 2 OFF \t");
}
Serial.print(" \t T2 = "); Serial.println(c2);
delay (200);
///////////////////////////////////////////////////////////////////
}
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APPENDIX D
Detailed Graphs of 4-cycle Refrigeration Tests
8x16 Experiment:
Figures 16-24 show the temperature plots of the activated carbon (AC) bed and
ethanol (EtOH) evaporator for each step of the experiment. Absolute pressure readings
are provided at the beginning and end of each step. Any step that involves heating
(double activation and desorption) includes the absolute pressure readings right before
the heat is turned off. The 4th desorption step was not performed in the 8x16 experiment.

Figure 16. In-situ double activation step of 8x16 experiment.
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Figure 17. 1st adsorption cycle of 8x16 experiment.

Figure 18: 1st desorption cycle of 8x16 experiment.
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Figure 19: 2nd adsorption cycle of 8x16 experiment.

Figure 20. 2nd desorption cycle of 8x16 experiment.
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Figure 21. 3rd adsorption cycle of 8x16 experiment.

Figure 22. 3rd desorption cycle of 8x16 experiment.
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Figure 23. 4th adsorption cycle of 8x16 experiment.

Figure 24. 4th desorption cycle of 8x16 experiment.
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CocoPlus Experiment:
Figures 25-31 show the temperature plots of the activated carbon (AC) bed and
ethanol (EtOH) evaporator for each step of the experiment. Absolute pressure readings
are provided at the beginning and end of each step. Any step that involves heating
(double activation and desorption) includes the absolute pressure readings right before
the heat is turned off. No data is available for the 2nd desorption step in the CocoPlus
experiment.

Figure 25. In-situ double activation step of CocoPlus experiment.
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Figure 26. 1st adsorption cycle of CocoPlus experiment.

Figure 27. 1st desorption cycle of CocoPlus experiment.
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Figure 28. 2nd adsorption cycle of CocoPlus experiment.
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Figure 29. 3rd adsorption cycle of CocoPlus experiment.

Figure 30. 3rd desorption cycle of CocoPlus experiment.
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Figure 31. 4th adsorption cycle of CocoPlus experiment.
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Appendix E. GC/MS Analysis of Ethanol Samples
Figures 32-36 show the results of the GC/MS analysis done on the three collected
ethanol samples.
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Figure 32. GC scan of pure, untouched ethanol (Sample 1).
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Figure 33. GC scan of post-cycled ethanol from the 4-cycle 8x16 experiment (Sample 2).
The first large peak (at 2 min.) is ethanol and the second (around 18 min.) is butyl
benzene sulfonamide.
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Figure 34. MS scan of the butyl benzene sulfonamide.
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Figure 35. Close-up GC scan of the first large peaks in Figure 33.
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Figure 36. Close up GC scan comparison of post-cycled ethanol from a 1-cycle CocoPlus
experiment (top) and from the 4-cycle 8x16 experiment (bottom).

